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A uniform plasma is produced by a new plane slotted antenna with permanent magnets for the 
electron cyclotron resonance. The plasma is uniform within a few percent in a diameter of 25-30 
cm at a distance of 25-30 cm from the antenna. The plasma density, 1.5 X 10” cmB3 with 
electron temperature of 1.8 eV at a microwave power of 100 W, is almost proportional to the 
microwave power. A magnetic distribution provided by the magnets is essential for producing 
such a uniform plasma. 
Plasmas produced by the electron cyclotron resonance 
(ECR) at 2.45 GHz have been used for various material 
processings because the ECR plasmas of high electron den- 
sity and temperature provide a high generation efficiency of 
radicals,’ which enhances the material processings, in com- 
parison with rf discharge plasmas.’ In large-scaled plasma 
processings it is of crucial importance to develop a new 
method for producing uniform ECR plasmas of large di- 
ameter. In conventional ECR devices,3 however, cavity 
modes of microwaves are excited to give rise to radially 
inhomogeneous plasmas which flow along axial magnetic 
field lines toward substrates.4 Therefore, it is difficult to 
expect a sufficient plasma uniformity in front of the sub- 
strates. 
There have been many other methods to produce uni- 
form ECR plasmas, in which solenoid coils596 or permanent 
magnets have been used to provide a magnetic field for the 
ECR condition. For ions to be unmagnetized on substrates, 
it is better to use permanent magnets which also simplify 
apparatus. From this point of view, several methods using 
the magnets have been proposed.7-g For high quality pro- 
cessings, it is often necessary to keep an unmagnetized 
plasma uniform within a few percent. However, generally 
speaking, it is difficult to produce such a uniform plasma of 
large diameter. In order to establish plasma etching at the 
next stage, for example, we have to prepare an unmagne- 
tized plasma of 20-30 cm in diameter with a sufficiently 
uniform ion flux within a few percent on the substrates. In 
this work, we propose a new plane slotted antenna with 
permanent magnets for such a uniform plasma production. 
There is no effect of the cavity modes on the plasma pro- 
duction. Here, we are interested in a uniform large- 
diameter plasma production in a region somewhat far from 
the antenna, where substrates are placed. 
Our antenna system is shown in Fig. 1. A microwave 
of 2.45 GHz traveling through a rectangular waveguide is 
converted into a coaxial mode which is fed to the antenna. 
An impedance matching is adjusted by stub tuners. For- 
ward and backward microwave powers are monitored in 
the rectangular waveguide section. As shown in Fig. 1 (a), 
the square plane antenna of 26 cmx26 cm consists of a 
back plate with permanent magnets behind and a slotted 
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plate connected to an inner electrode of coaxial waveguide. 
They are made of stainless steel of 2 mm in thickness. The 
slotted plate is covered with a glass plate of 2 mm in thick- 
ness to avoid a direct contact with the plasma produced. 
The magnets used, cylindrical with 25 mm in diameter 
and 15-mm long, have the maximum magnetic field of 
about 3 kG at the surface center. On the back plate, eight 
magnets are placed with equal spacing on a circle of 8 cm 
in diameter, forming the first magnet ring, as shown in Fig. 
1 (b). In the same manner, the second magnet ring is 
formed by 16 magnets on a circle of 16 cm in diameter. For 
the third ring, 24 sets of two magnets piled are arranged on 
a circle of 24 cm in diameter. The magnetic polarity of the 
first and third rings are the same, being opposite to that of 
the second ring. 
\ SbOT’GLA$S 
FIG. 1. Plane slotted antenna with permanent magnets behind for ECR: 
(a) side view and (b) front view. 
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FIG. 2. Radial profiles of (a) floating potential qSp (b) electron temper- 
ature r, (c) plasma density nP and (d) space potential 4S at 2=8 and 30 
cm. Argon pressure is p&=8 x lo-’ Torr and microwave power is P, 
=I00 w. 
The slotted plate, placed 4 mm apart from the back 
plate, has four slots of 5 mm in width. Each slot length is 
(n+ l/2)/2, where 1 is the wavelength ( = 12.5 cm) of the 
microwave and the integer n=3 in this experiment. The 
microwave power P, is supplied at the radial center. The 
microwave, radiated from the slots, has an electric field 
with azimuthal and radial components which cross, respec- 
tively, radial and axial components of the magnetic field. 
The ECR condition (~875 G) is satisfied in a limited 
region within 10 mm from the magnet surfaces. 
The antenna is placed in the stainless steel vacuum 
chamber of 35-cm diam and loo-cm long. A working gas is 
argon with pressure pAr of 2 x lo-Q5 x low3 Torr. Spatial 
profiles of plasma parameters are measured by a small 
Langmuir probe which is movable in the (r,z) plane, where 
r is a radial distance from the center and z is an axial 
distance from the glass surface. 
Typical parameter proiiles at z = 8 and 30 cm are pre- 
sented by dotted and solid curves, respectively, in Fig. 2. 
At z=8 cm, the plasma is nonuniform, depending on our 
antenna structures with magnets. There are two clear dips 
of floating potential r$j almost symmetrical with respect to 
r=O cm. In relation to these dips, there are the maxima of 
electron temperature T,, plasma density np, and space po- 
tential & At z=30 cm, however, the dips of 4f become 
broad and T,, np, and q$ are quite uniform. A uniformity 
within a few percent is recognized over r-O-14 cm, where 
the plasma density is 1.5 X 10” cmm3 and the electron tem- 
perature is 1.8 eV. 
r (cm) 
FIG. 3. Radial profiles of electron saturation current I, measured by the 
probe with axial position z as a parameter under the same condition as in 
Fig. 2. 
Radial protiles of electron saturation current 1, mea- 
sured by the probe are shown with z as a parameter in Fig. 
3 under the same condition as in Fig. 2. If T, is constant, 
np is proportional to 1,. Near the antenna, 1, has two 
broad peaks with small humps, which are almost symmet- 
rical with respect to r=O cm. At z? 4 cm, the humps 
disappear and the peaks become gentle. With an increase in 
z, a distance between the peaks increases gradually, being 
accompanied by a decrease in the peak height. As a result, 
quite homogeneous radial profiles are formed at z 2 24 cm, 
where the magnetic field B< a few Gauss. In such a uni- 
form region, the profile of np is very consistent with that of 
I, because there is no appreciable radial variation of T,. 
According to the measurements of 4r at various axial po- 
sitions, the dip positions of 4f almost agree with those of 
1, peaks. When 1, is uniform, the dip positions of 4fare 
found to correspond to radial edge positions of I,, which 
limit the uniform region of the plasma in the radial direc- 
tion. 
In order to explain a mechanism for such a uniform 
plasma production, the magnetic field lines are presented, 
together with the so-called “separatrix” in Fig. 4, where 
the magnetic distribution is axisymmetric with respect to 
r=O cm. Two magnetron-typed magnetic mirror contigu- 
rations are formed by the field lines inside the separatrix 
connecting the first and third magnet rings. The dotted 
lines representing the separatrix cross to form magnetic 
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FIG. 4. Magnetic field lines (solid curves) and separatrix (dotted curves) 
provided by permanent magnets in the (T,z) plane. Closed circles show 
the measured dip positions of floating potential 4f under the same con- 
dition as in Fig. 2. 
cusps with B-O at a point of r=O cm and z-2.4 cm and 
on a circle in the azimuthal direction at r= 7 cm and z= 5.4 
cm. The measured dip positions of $f are plotted by closed 
circles in this figure. It is found that the dip positions agree 
well with those of the separatrix crossing at r-7 cm and 
z-5.4 cm, showing a close relation between them. 
In the experiment, electrons are produced by the ECR 
near the magnet surface. In the presence of -~VII B forces 
on electrons with magnetic moment p, they move along the 
magnetic field. A lot of electrons are trapped in the mag- 
netic mirrors formed inside the separatrix connecting the 
first and third magnet rings and drift in the azimuthal 
direction. The electrons trapped become relatively hot dur- 
ing “back and forth” motions between the ECR points, 
yielding the broad T, peaks. These hot electrons ionize 
neutral particles and produce many warm electrons. 
Therefore, nP increases in this region, being accompanied 
by a +s increase via the Boltzmann relation. The humps 
near the antenna in Fig. 3 are attributed to the plasma 
trapping in the two magnetic mirrors. On the other hand, 
the formation of the #f dips is due to the hot electrons 
diffusing from the magnetic mirrors. Many of them flow 
directly or along the separatrix into the magnetic cusp re- 
gion and add up there. Then, they flow out from the cusp 
along the separatrix, where the floating potential $f is de- 
creased locally. Warm electrons produced by such hot elec- 
trons are responsible for the local np increase. These warm 
electrons diffuse across the magnetic field both in the radi- 
ally inward and outward directions. The inward diffusion 
results in a formation of the radially uniform plasma as 
observed in the region 20-30 cm from the antenna. 
In summary, a plane slotted antenna with permanent 
magnets has been employed for producing a uniform ECR 
plasma of large diameter at an argon pressure of 2 X 10m4- 
5 x lo-’ Torr. In the sense that ions are not magnetized, 
the plasma produced is unmagnetized. But, there is a big 
influence of magnetic field on electron motions, which is 
essential for a uniform plasma to be produced in our ex- 
periment. The plasma is uniform within a few percent in a 
diameter over 25-30 cm at a distance of 25-30 cm from the 
antenna. The plasma density is 1.5 X 10” cmm3 with elec- 
tron temperature of 1.8 eV at a microwave power of 100 
W. With an increase in the microwave power, the plasma 
density increases, although the electron temperature is 
around 2.0 eV. There is no density limit (cutoff) of the 
microwave penetration because the wave is launched from 
the higher magnetic field side. In quite recent measure- 
ments, the plasma density of 3.0~ 10” cmh3 has been at- 
tained at a microwave power of 400 W by setting perma- 
nent magnets just outside the vacuum chamber to reduce 
the electron loss toward the wall. 
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